Introduction
Bacillus subtilis is a model organism extensively studied for its ability to differentiate depending on the growth conditions (1) . Sporulation in B. subtilis is one of the most thoroughly investigated cellular differentiation programs, triggered by a combination of signals including nutrient exhaustion and cell density (2, 3) . The starving cells undergo an asymmetric division, governed by a complex regulatory network which results in the formation of metabolically inactive spores (4, 5) . The levels of the master regulator of this process, Spo0A in its phosphorylated form define whether a cell will enter the sporulation pathway (6) . However, even under optimal sporulating conditions, only a part of the population undergoes sporulation (7, 8) . Several studies report on the heterogeneity of sporulation as the outcome of microenvironmental signals in combination with genetic fluctuations and stochasticity (6, 7, 9) .
Bacillus subtilis endospores have been investigated for many years in an effort to elucidate their genetic regulation, their biochemical properties and their morphology (4, 10, 11) . A set of unique properties such as resilience to environmental assaults, in combination with the potential of the spore coat to be utilized as a scaffold, laid the ground for numerous biotechnological applications. To date, spores have been utilized as platforms for display of a range of biotechnologically interesting peptides, including enzymes and antigens (12, 13) .
Throughout the years, methods have been developed for studying different aspects of sporulation in various species including microscopy, microfluidic chips in combination with fluorescence imaging, Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR) (14) (15) (16) (17) . However many described techniques either require special instrumentation or are laborious and not automatable. One of the oldest techniques to date for spores quantification in culture is via hemocytometers (18) .
Despite the low cost, this technique is tedious and not recommended for studies focused on the dynamics of sporulation. Most commonly quality and quantity of sporulation are determined by counting cell forming units after heat shock treatment (19) . This method however is an indirect measure since it can only quantify the survival of the heat treatment. Hence, it can be applied only in cases where the spores are still able to germinate. On the other hand, flow cytometry is a useful, rapid and high (20) . Flow cytometry has been employed for many years as a method for single cell analysis and separation of eukaryotic cells. However, so far it has remained challenging to distinguish among bacterial species or small size particles (20, 21) . Hence, studies reporting on flow cytometry as a tool for discriminating vegetative cells from spores of Bacillus subtilis remain scarce. The here presented method uses DNA staining and flow cytometry with automated gating procedures and enables discrimination of three subpopulations of spores.
Materials and Methods

Strains and plasmids
Different strains of Bacillus subtilis KO7 (Bacillus Genetic Stock Center ID 1A1133,
derivative strain of Bacillus subtilis PY79) were utilized as test organisms in the present study. All strains used are listed in Table 1 .
Media and growth conditions
Vegetative cells were grown in Lysogeny broth (LB) with agitation (200 rpm) at 37°C.
Sporulation was induced by nutrient exhaustion as described by Nicholson and Setlow, 1990 (22) including a few modifications. Briefly Bacillus subtilis strains were inoculated into 500 ml Erlenmeyer flasks containing 200 ml prewarmed Difco sporulation medium (DSM) and were grown at 37°C with agitation (200 rpm). For spore purification, after 72 h of cultivation the cultures were harvested by centrifugation at 3,400 x g for 15 min.
The spores were purified using a Renografin gradient centrifugation as described elsewhere (22) followed by resuspension in 1 x phosphate buffered saline (PBS). The purified spore suspension contained >90% phase bright spores as confirmed by microscopy. For some experimental runs, an artificial mixture of cells and spores with a final optical density at 600 nm of 0.5 was prepared. The artificial mixture contained cells and spores in 1 to 1 proportion.
Preparation of dyes and staining conditions
Three different fluorescent dyes were utilized for the following experiments: SYBR green I (SGI) (10,000 x stock, Invitrogen TM ), SYBR Green II (SGII) (10,000 x stock, Invitrogen TM ) and Propidium iodide (PI) (50 mg, Carl Roth). SGI and SGII stocks were diluted 1:100 times (100 x stock) with class I water respectively. PI working solution was prepared in class I water at 100 mg/ml and employed at a final concentration of 1 mg/ml. For each dye, aliquots of working solutions were transferred in 1.5 ml opaque tubes; aliquots of working dilutions were kept at 4°C. The dyes were tested in different concentrations as well as in combinations. The final tested concentrations of SGI and SGII ranged from 1 x to 4 x of the suppliers suggested concentration while the final concentrations of PI ranged from 0.01 mg/ml to 0.04 mg/ml. Prior to flow cytometry, 500 µl aliquots of cells and spores at an optical density at 600 nm of 0.5 in 1 x PBS, were For cell sorting, the same settings as for cytometric analyses were used, however eps were kept under 12'000. Agglomerates were excluded based on channels FSC-H/FSC-W as well as SSC-H/SSC-W.
Viability of cells and spores after staining
To monitor the effect of staining in the viability of cells and spores, distinct samples were stained with PI, SGI and SGII as mentioned above. Viability assessment was performed by sorting 210 events from each sample on an LB plate containing zeocin (20 mg/ml). Subsequently, plates were incubated overnight at 37°C. For analysis, the relative number of colonies in respect to the total number of sorted events was evaluated.
Data analysis and clustering R package flowcore (23) was used to import fcs files and exclude agglomerates from tested. Samples were respectively stained with SGI, SGII and PI as described in materials and methods and subsequently analyzed by flow cytometry.
As shown in Fig. 1A and 1B, spores exhibit higher SSC and somewhat increased FSC than cells, however differences in scattering behaviour alone does not provide clear distinction of the two populations.
Staining of samples with fluorescent dyes yielded better separation on the respective channels ( Fig. 1C-1E ). However, after treatment of cells with PI, partly incomplete staining of cells was observed (Fig. 1C) . For SGI and SGII, there appeared to be no such issue (Fig. 1D & 1E) .
Optimization of staining method
To assess the capacity of separating spores from cells coming from the same sample, a 1:1 mix of vegetative cells and purified spores was stained with different concentrations For monitoring sporulation of the three strains, population sizes were determined as described above for all strains and time points. In all cases, three distinct populations were observed as shown in Fig. 4A . A clear difference in the sporulation pattern between strain displaying sfGFP (Bs02018) and the two other non-display strains is visible, with Bs02018 exhibiting a delay in sporulation. As presented in Fig. 4A , already after 48 hours, 59% of events in cultures of strain Bs02003 were spores as opposed to the other strains (35% and 44% respectively). In the course of 96 hours, maximum percentages of spores obtained for the three strains were 88%, 91% and 85% respectively. It is observed that for all strains, only a minority of events was made up by cells without endospores. Furthermore strains Bs02018 and Bs02020 exhibit delayed sporulation in comparison to strain Bs02003. However, in earlier time points high variability was noticed, which made quantification more difficult.
The methodology was further used to evaluate the effect of spo0E and skfA deletions.
Spo0E is a phosphatase which dephosphorylates the master regulator of sporulation, Spo0A~P and delays the process of sporulation (30) whereas spore killing factor SkfA, is part of the skf operon responsible for the production of toxin during sporulation (31).
Again, Bs02025 was compared to control strain Bs02003. The generated mutations are associated with highly accelerated sporulation (Fig. 4B) . After 24 hours of sporulation, cultures of Bs02025 already consisted of 80% spores while only 18% of events were classified as spores for the control strain.
Discussion
In this work, we present a flow cytometric method for rapid quantification and isolation of subpopulations formed in sporulating cultures of B. subtilis. Spores have more dense years. Thus, we employed different automated methods to allow for more reproducible and operator-independent separation of spore distributions.
In this work, we employed gaussian mixture modeling (GMM) as a means to separate near-normal subpopulations of cells and spores separated on different channels. This allowed for a reduction in tested samples by measuring cell and spore phenotype in a single vial, which further guarantees the same staining environment for cells and spores as opposed to staining separately. GMM is being more routinely used for prediction of subpopulations (42, 43) , but is commonly restricted to cases, where signal distributions are at least near-normal. As scattering and fluorescence signals in flow cytometry often follow log-normal distributions, thresholding or clustering with this method can be a useful tool for separation. Further, Lee and Scott (44) showed, that even in the case of censored or restricted data, which frequently occurs in application if the limits of linear detector range is reached, GMM can be modified to suit these conditions.
By using a simple k-means clustering of reference samples of spores, cells and cells containing endospores, the respective subpopulation of any other sample in the respective experiment set was determined by assigning each point to its closest center.
If k-means is applied without reference, the same number of populations has to appear in approximately the same place and count, which is mostly not the case in real-life application. In our case, there was little to no shift of populations over the respective independent variable (e.g. time, triplicate). Consequently, euclidean distance to the calculated centers could be used to classify subpopulations.The three detected clusters were attributed to different phases of sporulation based on the following hypothesis: In summary, flow cytometry combined with cell sorting allows for more rapid quantification and isolation of cell populations compared to conventional methods. Our approach facilitates reliable and rapid separation of spores while reducing subjective and laborious gating. We anticipate our method to contribute to the ongoing research in the field of sporulation by allowing for high-throughput analysis using automated incubation and cytometry in microtiter plates as well as for optimizing spore display by enabling rapid characterization of relevant mutants. Nicholson and Setlow, 1990 (22) resulting in a yield of approx 90%.Characterization of Bacillus subtilis spores with FACS (26) and sleB (27) whereas strain Bs02018 additionally expresses sfGFP as a fusion protein utilized for spore surface display. Strain Bs02020 additionally harbors deletion of cotA (29) 
